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Supplemental Spreadsheet and Video Descriptions
Data File 1. DJ and PJ intra-and inter-chromosomal sequence comparison matrices Data File 2. DJ sequence FASTA file Data File 3. DJ sequence feature file (GFF3) Videos 1 and 2. 3D arrangement of the DJ in the nucleus data should contain reads that cross the rDNA-PJ junction and have one part from the rDNA and the other part from the PJ.
Data Acquisition: Human WGS data from The Center for Applied Genomics (CRA) was downloaded from the Ensemble trace archive (currently available through the NCBI trace archive using the query: species_code="HOMO SAPIENS"AND CENTER_NAME = "CRA" AND STRATEGY = "WGA"). All 27,449,655 reads were used for the analysis.
Reference sequence preparation. Our method searches for junctions between the rDNA (bases 122,273-167,354 of BAC AL353644 were taken as the rDNA reference) and a given reference sequence. To search for PJ junctions, all four PJ cosmids and the PJ BAC clone CR392039 (with the rDNA sequence trimmed off) were used as reference sequences. The DJ contig was used as the reference sequence for the DJ region (positive control).
Pipeline:
The steps described below were repeated for each flanking reference sequence individually (see also Supplemental Fig. 5 ).
Step 1: Reads were mapped to the flanking reference sequence using gsMapper v2.3 (454 Roche) using 95% identity and 100 bp minimum alignment length as the cut offs. All reads were considered as single end reads during the mapping. Reads with "Partial" mapping status from the "454ReadStatus.txt" output file were selected from the mapped reads for the next step (the term "Partial" is used in gsMapper to denote reads that only a part maps to the reference sequence).
Step 2: All reads obtained from step 1 were then mapped to the human rDNA. Reads that partially mapped to the rDNA with 95% identity and 100 bp minimum alignment length were selected.
Step 3: Reads that partially mapped to both the flanking reference and the rDNA (in steps 2 and 3) were clustered together according to their position in the flanking region. The flanking regions were divided into partially overlapping bins, and the reads were placed into these bins.
Step 4: Reads were removed if they fell in one of the following categories: a) Same region of the read is partially mapping to both the flanking and the rDNA sequences. b) Entire read does not match the reference sequences on both sides of the potential junction point. c) Entire read also matches other regions of the human genome. d) Only one read represents the cluster.
Step 5: To check that the potential junction sequences found are not restricted to one sequencing center, the cluster sequences that remained from step 4 were used to search complete human whole genome sequencing data present in the NCBI trace database. This includes all reads submitted by the different sequencing centers, including the CRA dataset.
All hits found across the junction of the cluster sequences were manually checked for matches ≥100 bp to both the rDNA and the flanking region. Reads that did not match ≥100 bp were end-trimmed using quality scores (as BLAST does not take quality score into account) and BLAST performed again to the respective reference sequences.
The mapping results are shown below. The mapping method predicted two potential PJ junctions, one in the 18S and other in ITS-1. These PJ junctions are the same as those identified from the BAC and cosmid sequences, and no evidence for additional junction regions was found. The same procedure was repeated for the DJ to check the accuracy of the method. The DJ results predict a single junction, the same as that found in the BAC and cosmid sequences.
Results for different steps of the junction mapping pipeline. For the transcript analysis by PCR, cDNA was prepared from total cellular or nucleolar RNA samples with a Protoscript first strand cDNA synthesis kit (New England Biolabs) using either random hexamer or oligo-dT primers.
Inter-chromosomal identity of DJ and PJ regions
To determine DJ interchromosomal homogeneity, pairwise comparisons of all interchromosomal cosmid and BAC sequences were generated (Supplemental Data File 1) using the Stretcher global alignment tool from EMBOSS (Rice et al. 2000) and YASS (Noe and Kucherov 2005) . However, because most of these clones derive from chr21, we chose a representative clone for each of the five acrocentric chromosomes to assess sequence conservation: LA13 133H12 (chr13), LA14 138-F10 (chr14), LA15 64C10 (chr15), (CT476837 (chr21), and AL353644 (chr22). These sequences show an average of 99.1% identity to each other (Fig. 2B ). This analysis was biased towards the rDNA end of the DJ contig. To determine whether sequence conservation is reduced further away from the rDNA, the sequence identities between the misannotated BAC clone AC011841 and DJ BAC clones from chr21 were calculated. The average level of identity was 98.5%, indicating that DJ conservation is not restricted to the rDNA junction but extends towards the telomere.
To investigate PJ interchromosomal conservation four cosmids [LA13 165F6 (chr13), LA14
101B3 (chr14), LA15 25H3 (chr15), and N 29M24 (chr22)] and one BAC [CR392039 (chr21)] were chosen as representatives for the five acrocentric chromosomes. Pairwise comparisons were performed to determine the level of sequence identity and this varies from 86-99%, with the average level of identity being 93.3% (Fig. 2B ). Similar to the DJ analysis, BACs further away from the rDNA were compared to see if the level of identity altered.
Pairwise identities between CR392039 (chr21) and CR381535 (chr21), and AC145212
(unplaced) are 96.5% and 97.9% respectively. This higher level of identity indicates that the PJ is also conserved away from the rDNA. The lower level of interchromosomal identity in the PJ compared to the DJ largely results from an indel of ~2.7 kb that includes three Alu elements, an Alu that seems to have inserted into the PJ of some acrocentric chromosomes, and copy number and sequence variation of the ACRO1 147 bp repeats near the rDNA junction (Supplemental Fig. 6 ).
Repeat content analysis of the DJ and PJ
The repeat content of the contigs was determined using RepeatMasker. Novel tandem repeats in DJ and PJ contigs were searched using Tandem repeat finder (Benson 1999) and BLAST.
mVISTA (Frazer et al. 2004) used to generate the similarity plot of the two arms of the inverted repeat. MAFFT (Katoh et al. 2009 ) was used for ACRO138 repeat multiple sequence alignments.
Gene prediction pipeline for the DJ and PJ
We designed a four-stage pipeline to determine the presence of potential gene coding regions in the DJ and PJ contigs. We used both RepeatMasker masked and unmasked DJ and PJ contigs to predict the potential genes.
Step 1: Ab inito gene prediction tools Genscan (Burge and Karlin 1997) , Fgenesh (Salamov and Solovyev 2000) , glimmerHMM (Majoros et al. 2004) and GeneMark (Besemer and Borodovsky 2005) were used to predict gene signals.
Step 2: Homology searches of the DJ and PJ contigs were performed using BLAST against the following GenBank datasets: non-redundant protein and reference mRNA sequences specific restricted to primates, and EST sequences specific to human. Hits were then remapped to the contigs using two spliced alignment tools: Exonerate (Slater and Birney 2005) and PASA (Program to Assemble Spliced Alignments (Haas et al. 2003) ). Exonerate was used for protein, reference mRNA and EST sequences while PASA was only used for EST sequences. For both tools 90% identity was used as the filter cutoff.
Step 3: All the evidence from Steps 1 and 2 was combined using EVM (EVidence Modeller (Haas et al. 2008) ). To optimize the weightings of the de novo gene prediction, protein, and EST evidence streams for merging, EVM simulations were performed using variable weights.
Any EVM gene models that did not contain any database evidence or contained one-or-more exons that lacked any database evidence were removed.
Step 4: In the final curation step, EVM gene models, as well as protein sequence matches from Exonerate that were not included by EVM in step 3, were mapped to the contigs to compile the complete set of putative gene models. Apollo v1.11.6 (Lewis et al. 2002) was used for visualization and refinement of the gene models.
For the DJ, the gene prediction pipeline predicted eight potential genes from the unmasked and four from the masked sequence (Supplemental Fig. 12 , Supplemental Table 1 ). All the potential genes except one are single exon genes. For the PJ, six genes were predicted from the unmasked and four from the masked sequence (Supplemental Fig. 12 , Supplemental Table 2 ). One of the gene models from the PJ has alternative transcripts. Two of these gene models are multi-exonic while four of them have a single exon only. In all cases the masked gene models were a subset of the unmasked models.
Chromatin profiling method
Mapping
The short read length (36 bp for ChIP-seq and 75 bp for RNA-seq) means it is likely that many reads will map to both the DJ and the human genome. To map the reads uniquely to the DJ, we created a custom human genome that includes the latest human assembly hg19 and DNA sequences of the DJ and human rDNA repeat (extracted from BAC clone RP11-337M7, GenBank accession number AL592188). We mapped the ChIP-seq data onto this custom genome using bowtie (v0.12.7) (Langmead et al. 2009 ) with parameters -l 34 -a --best --strata -m 1 to take into account of sequencing quality and to yield the best mapping rate.
Only uniquely aligning reads were kept for further analyses, with potential duplicates being removed from the alignments using Picard (http://picard.sourceforge.net/). Mapped reads from all replicates for each chromatin mark were combined to obtain the highest read coverage.
Signal profiling
For each mapped read, we created a tag by extending 200 bp (the known expected fragment size) from 5' end towards 3' end of the read. We then calculated the number of tags overlapping each base (also known as coverage depth) across the custom genome. This coverage depth was then normalized per million total mapped reads. Finally, to smooth the signal profile, we ran a sliding 200 bp window (with step size of 10 bp) across the DJ and calculated the average normalized coverage depth for each window. Signal profiles for open chromatin markers (FAIRE and DNaseI) were processed using F-Seq (Boyle et al. 2008) following a published procedure (Song et al. 2011 ).
Peak calling
We used MACS (Zhang et al. 2008 ) with mostly default parameters (-g hs --nomodel --shiftsize 100 -p 1e-5) to call peaks for each chromatin mark. Since the expected fragment size is known we did not apply shifting model in MACS (--nomodel), but instead applied a shift size of 100 bp (--shiftsize 100) that is a half of the fragment size. We ran MACS for each chromatin mark in each cell type separately and used the corresponding Input DNA as a control (Fig. 6A ).
Chromatin state analysis
To depict the chromatin landscape from the combination of chromatin marks, the multivariate Hidden Markov Model (HMM) software, ChromHMM, was used with default parameters (Ernst and Kellis 2012) to segment the custom genome into different chromatin states. The seven cell types we used were chosen because these have comprehensive data for all 10 chromatin marks. We ran the HMM model with 15 states (Supplemental Fig. 16 ) as this number is enough to characterize the whole human genome (Ernst et al. 2011 ).
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Step 4: Cluster ltering Steps 1 & 2: Read Mapping
Step 5: Representative consensus sequences Supplemental Figure 5 . Workflow for junction verification mapping pipeline. Steps 1 & 2: whole genome shotgun reads (lines) were mapped to a reference sequence (orange box) and to the rDNA (grey box) with cut-offs of 95% identity and 100 bp minimum alignment length.
Step 3: Partially mapped reads that matched both the reference sequence and the rDNA (orange-grey hybrid lines) were clustered according to their position on the reference sequence.
Step 4: Clusters were filtered using various criteria (Supplemental Methods).
Step 5: Consensus sequences were made for each of the resulting clusters. CT476834 (21) CU633906 (21) ( -satellite CER satellite Supplemental Figure 9 . 48bp CER repeats are found distal to the NOR on all five acrocentric chromosomes. Human metaphase chromosomes were probed with acrocentric specific centromeric α-satellite probes (labelled in red) and a 48 bp CER satellite probe (labelled in green). Note that peri-centromeric CER blocks are present on chromosomes 14 and 22.
Supplemental Figure 10 . HMM Logo for the DJ ACRO138 repeat. The logo was generated using repeat sequences from the 136 kb and 289 kb repeat blocks. It represents the consensus for the repeat. The height of each base represent the emission probability of that base at that specific position. The thickness of red vertical line shows the number of bases expected to be inserted at that position. Figure 11 . Similarity plot of the DJ inverted repeat arms. Location and arrangement of the large inverted repeat (white arrows) in the DJ contig (green) is shown at the top. VISTA plot with a sliding window of 100 bp, showing the level of sequence identity between the two inverted repeat arms (represented by the folded repeat arms and hatched region below the contig), is shown below. Average sequence identity is 79.5%. Sizes and positions of the inverted repeats are indicated in base pairs.
